The Gram negative human pathogen Pseudomonas aeruginosa is able to tolerate high 13 concentrations of β-lactam antibiotics. Despite inhibiting the growth of the organism, these cell 14 wall-targeting drugs exhibit remarkably little bactericidal activity. However, the mechanisms 15 
Introduction 29
Pseudomonas aeruginosa is a major human pathogen and a leading cause of hospital-acquired 30 infections. P. aeruginosa infections are difficult to eradicate and are often fatal, which is in part 31 due to the organism's high intrinsic resistance to a variety of different antimicrobials (1). The 32 mechanisms underlying intrinsic antibiotic resistance in P. aeruginosa are largely well 33 understood. However, an important and as yet unexplained observation is the ability of P. 34 aeruginosa to survive in the presence of high concentrations of the cell wall-targeting β-lactam 35 antibiotics. 36 37 β-lactams are a broad class of antibiotics that include penicillin derivatives, cephalosporins, 38
Results

122
P. aeruginosa cells rapidly convert to a viable spherical morphotype when treated with 123 meropenem 124
As an initial approach to understand β-lactam tolerance by P. aeruginosa, we monitored P. 125 aeruginosa cells under the microscope following treatment with meropenem, a broad-spectrum 126 carbapenem antibiotic that is commonly used to treat P. aeruginosa infections in humans. It has 127 been noted in previous studies that P. aeruginosa cells switch to a spherical morphology when 128 exposed to meropenem (7, 8) . We hypothesized that this spherical morphotype may be a viable 129 alternative form of the bacterium that mediates survival in the presence of the antibiotic. 130
131
To test this, P. aeruginosa strain PA14 was first cultured in a standard laboratory growth 132 medium (cation-adjusted Mueller Hinton broth) and treated with a clinically relevant dose of 133 meropenem (5x MIC). Cells were then visualized at regular intervals using conventional phase-134 contrast microscopy. In the presence of meropenem, we observed a rapid and efficient conversion 135 of the entire population from normal rod shaped cells to apparently spherical cells (Fig. 1A-E) . 136
Just 1 h after the addition of the antibiotic a large proportion of cells (65%) had clearly begun 137 transitioning to the spherical morphology. Most cells (67%) had completed the transition by 4 h, 138
and after 24 h the entire population consisted only of spherical cells (Fig. 1E) . To determine if 139 these spherical cells were viable we co-stained PA14 with the fluorescent dyes Syto9 and 140 propidium iodide after 24 h exposure to meropenem. This approach differentiates viable cells, 141 which only stain with Syto9 (green), from dead cells that also stain with propidium iodide (red) 142 (Fig. 1F, G) . These assays showed that the vast majority of spherical cells in the population 143 (84%) were viable and thus able to tolerate exposure to 5x MIC of the antibiotic. 144 8
145
The remaining 16% of cells were lysed, and could be distinguished from viable cells not only by 146 live/dead staining but also by a characteristic "ghost"-like appearance in phase-contrast images 147 (Fig. 1F, arrow) . Interestingly, we found that the addition of 0.5M sucrose to the growth medium 148
as an osmoprotectant reduced the number of lysed cells from 16% to 3% after 24 h exposure to 149 meropenem (Fig. 1H, I ). Osmoprotection was clearly not essential for spherical cell formation or 150 viability, however, unless otherwise indicated, we chose to add 0.5M sucrose to the growth 151 medium in subsequent experiments ( Fig. 2-7) simply to minimize the small amount of cell lysis 152 observed in standard laboratory broth. 153
154 Importantly, we also tested whether spherical cells can form under conditions relevant to 155 infection and the in vivo environment. To this end PA14 cells were treated with meropenem (5x 156 MIC) in a synthetic sputum medium designed to mimic the cystic fibrosis lung (15), as well as in 157 fetal bovine serum. Note, sucrose was not added to these media. In both synthetic sputum and 158 fetal bofine serum we observed a rapid transition of the cellular population from rods to spherical 159 cells following treatment with meropenem, similar to that seen in standard growth media (Fig.  160   S1 ). Therefore, P. aeruginosa spherical cells form in response to meropenem exposure under 161 physiologically relevant conditions. 162
163
To confirm the spherical shape of meropenem-treated cells we used 3D-structured illumination 164 microscopy (3D-SIM), a super resolution fluorescence technique that enables genuine 3D images 165 of bacterial cells and reveals morphological details not visible with conventional microscopy 166 through increases in both lateral and axial resolution (18) (Fig. 2) . We also used 3D-SIM to 167 examine the transition from rod to sphere, and found that it begins with the emergence of a small9 membrane protrusion on the cell surface (Fig. 2B ). This gradually bulges out to form a larger 169 sphere, which becomes completely enclosed in its own membrane. The original rod then lyses, 170 leaving a mature, spherical cell (Fig. 2B, C The bacterial cell wall is a key structural feature of the cell that determines its shape and serves as 174 an important osmotic barrier to the external environment. The loss of cell shape observed after 175 meropenem treatment of P. aeruginosa, together with the slight osmosensitivity of the resulting 176 spherical cells (see above), strongly suggests that these cells lack a functional cell wall. In 177 addition, we found that spherical cells rapidly burst when placed directly between a microscope 178 slide and a coverslip, indicating a mechanical fragility consistent with loss of integrity in the cell 179 envelope. 180
181
To further examine the cell envelope structure of the spherical cell morphotype, we performed 182 transmission electron microscopy (TEM) on thin sections of PA14 cells after 24 h exposure to 183 meropenem. We also examined untreated cells as a control, and as expected these cells exhibited 184 a regular double membrane cell envelope structure characteristic of Gram negative bacteria ( Fig.  185 3A, B). In spherical cells, however, the outer membrane was clearly disrupted in all cells 186 examined ( Fig. 3C, D ; 82 cells were analysed in total). While fragments of outer membrane 187 remained associated with the cell (Fig. 3C ), there were extensive regions in which the inner 188 membrane appeared to be exposed on the cell surface. Interestingly, membrane vesicles were 189 often observed to form apparently from outer membrane material that had detached from the cell 190 envelope (Fig. 3C, D change from a spherical to an ellipsoid morphology, which could be seen in some cells after just 202 30 min in the absence of drug. This was followed by a gradual elongation in cell length and 203 reduction in width to produce a normal cylindrical cell. High resolution 3D-SIM images showed 204 that the cell surface was highly irregular, sometimes even branched, during this reversion 205 process, but ultimately became smooth and uniform as the normal cell wall was restored (Fig.  206 4E). After 6 h in the absence of antibiotic, the vast majority of the cellular population (>90%) had 207 completed the transition to rods (Fig. 4F) . These cells were able to grow and divide normally, as 208 evidenced by a rapid increase in the density of cells in culture following reversion to the rod 209 shape (Fig. 4C-D) . This indicates that the transition to spherical cells following exposure to 210 meropenem is readily reversible. 211
212
Spherical cell formation is a conserved mechanism of meropenem tolerance 213
Importantly, we observed that the ability to transition into and out of the spherical cell state 214 occurred independently of strain background. An identical response to meropenem treatment was 215 11 seen for a wide variety of P. aeruginosa strains, including well known lab strains (PA14, PAO1, 216 PA103, PAK, ATCC27853) and recent clinical isolates (data not shown). This observation, along 217 with the sheer speed, efficiency and reversibility of the rod to spherical cell transition, indicates 218 that formation of spherical cells in P. aeruginosa does not depend on the acquisition of 219 chromosomal mutations. Rather, our results suggest that spherical cell formation is an intrinsic 220 protective response. By undergoing rapid en masse phenotypic transitions between bacillary and 221 spherical cell morphotypes, the vast majority of the P. aeruginosa population are able to survive 222 exposure to meropenem and are poised to transition to the bacillary form when antibiotic levels 223 are reduced. 224
225
Penicillins and carbapenems induce spherical cell-mediated antibiotic tolerance 226
Having determined that P. aeruginosa PA14 cells quickly convert to a spherical cell morphotype 227 when treated with meropenem, we were interested to determine whether other cell wall-targeting 228 antibiotics can elicit a similar response. Interestingly, P. aeruginosa has previously been shown 229 to induce "spheroplasts" in response to carbenicillin (19), a penicillin derivative, and we reasoned 230 that these spherical cells could facilitate tolerance to the drug. We found that following treatment 231 of PA14 with carbenicillin (5x MIC), a large proportion of cells indeed converted to spherical 232 cells and did so via the same morphological pathway that we observed in response to meropenem 233 exposure (Fig. 5) . In contrast to meropenem, however, some cells became filamentous rather than 234 converting to the spherical cell state (Fig. 5) . While filamentation is a common phenotype 235 associated with β-lactam treatment in rod-shaped bacteria (3, 20), we found that the P. 236 aeruginosa filamentous cells arising under these conditions tended to lyse. Live/dead staining 237 with Syto9 and propidium iodide showed that the filamentous cells stained with propidium iodide 238 indicating that they were non-viable (Fig. 5C ) whereas the spherical cell morphotypes stained 239 only with Syto9 and were therefore viable. As was observed after removal of meropenem, the 240 population of carbenicillin-induced spherical cells rapidly reverted to normal bacillary cells when 241 resuspended in fresh media lacking the antibiotic (data not shown). 242
243
We also examined the effect of imipenem (5x MIC) on P. aeruginosa PA14 cells. Like 244 meropenem, imipenem is a carbapenem antibiotic and we found that this also induced a rapid and 245 reversible transition of the entire cellular population to spherical cells (Fig. S2) . Taken together, 246 these results demonstrate that spherical cell-mediated antibiotic tolerance in P. aeruginosa can 247 occur in response to β-lactams from at least two classes. 248 249
Meropenem-induced spherical cells are efficiently killed by antimicrobial peptides 250
Having established that P. aeruginosa cells convert very rapidly and efficiently to cell wall 251 deficient spherical cells when treated with β-lactam antibiotics, we hypothesized that the 252 combination of a β-lactam that induces spherical cell formation with a drug that kills spherical 253 cells could be feasible as a new and effective treatment approach for P. aeruginosa infections. 254
One class of compounds that we reasoned might exhibit strong spherical cell killing activity were 255 antimicrobial peptides (AMPs). These compounds function by direct interaction with membrane 256 lipids and are thought to induce cell death through the formation of pores in the cytoplasmic 257 membrane (21). Our TEM images show that there are vast stretches of cytoplasmic membrane 258 exposed on the surface of spherical cells (Fig. 3) To test our hypothesis, cultures of P. aeruginosa PA14 were treated with a combination of 263 meropenem to induce spherical cell formation (at a fixed concentration of 5 μg/mL) and one of 264 the AMPs LL-37 or nisin (at various concentrations between 0 and 128 μg/mL). After 24 h in the 265 presence of the drug combinations, viable cell counts were determined by serial dilution and 266 plating. While meropenem alone produced viable spherical cells, the addition of LL-37 or nisin 267 markedly reduced viability (Fig. 6A) . In fact, at the highest AMP concentration tested (128 268 μg/mL), viable cell counts were more than 3-4 log lower than those of the meropenem only 269 control. IC50 values were 16 μg/mL for nisin and 32 μg/mL for LL-37 in combination with 270 meropenem. The strong bactericidal activity of the meropenem/AMP combinations was further 271
highlighted by a distinct absence of intact cells under the microscope, replaced with what 272 appeared to be cellular debris (Fig. 6B-D) . Importantly, under our assay conditions the AMPs 273 alone (LL-37 or nisin) showed no detectable antibacterial ability (Fig. 6E-H efficiently kill pre-formed P. aeruginosa spherical cells (Fig. S3) . 279 280 Finally, time-kill assays were performed with PA14 to examine the rate of meropenem/AMP-281 induced cell death (Fig. 7A) . Both LL-37 and nisin triggered a rapid decline in viability when 282 administered in combination with meropenem. A 100-fold reduction of viable cell counts relative 283 to the meropenem only control was observed within just 1 h for LL-37 and 8 h for nisin and by 284 14 24 h viability was reduced by 4-5 log for both AMP/meropenem combinations. Interestingly, the 285 rapid killing by LL-37 suggests that only a partial transition of the cell to the spherical cell state 286 is required for the AMP to mediate killing. We confirmed this for LL-37 using time-lapse 287 microscopy, which showed that the peptide causes the cell to burst at the site of spherical cell 288 formation (Fig. 7B) . 
